INTRODUCTION
Xylans, the most plentiful of the hemicelluloses, are present in the cell walls of all land plants and are particularly abundant in tissues that have undergone secondary thickening [1] . Extensive breakdown of xylans requires the synergistic action of a variety of hydrolytic enzymes, the xylan-degrading enzyme system [2] [3] [4] . Depending on the origin of the cell wall material, such enzymes include the main chain-cleaving enzymes, the endo-1 ,4-/J-Dxylanases (EC 3.2.1.8) and the ,J-xylosidases (EC 3.2.1.37), and those that liberate side chain substituents, namely a-glucuronidases, acetylxylanesterases and a-L-arabinofuranosidases (EC 3.2.1.55).
fl-Xylosidases cleave xylobiose, remove xylose residues from the non-reducing ends of xylo-oligosaccharides, and many can also liberate xylose from artificial substrates such as aryl fixylosides [2] [3] [4] [5] [6] . Generally, ,-xylosidases do not act against 'native' xylans although exceptions have been reported. An example of the latter is the enzyme from Neocallimastixfrontalis [7] . Endoxylanase, as the name implies, cleaves ,?-1,4 linkages in the backbone of xylans, arabinoxylans, glucuronoxylans and related polymers [2] [3] [4] [5] [6] . However, depending on the enzyme, such action may require, or be hindered by, side chain substitution of the substrate (for a review see ref. [8] ). Xylanases can also hydrolyse higher xylo-oligosaccharides, the affinity for such substrates increasing with increasing degree of polymerization (DP) [2, 3] . By contrast with the ,-xylosidases, they do not cleave xylobiose and most such enzymes investigated, including representatives from Aspergillus niger [9] , Aspergillus ochraeus [10] , Bacillus subtilis [11] , Humicola grisea var thermoidea [12] and Streptomyces lividans [13, 14] , do not hydrolyse arylf-D-xylosides. Again, however, some exceptions have been noted. Among these are Xyn A from Caldocellum saccharolyticum [15] , a xylanase from Cryptococcus albidus [16] and one from Thermoascus aurantiacus [17] , whereas Xyl I from Streptomyces lividans can hydrolyse p-nitrophenyl (PNP) /J-D-glucoside but has no action against PNP /?-D-xylOside [18] . In the case of the C. albidus Xyl I is a classic fl-xylosidase (l,4-,l-D-xylan xylohydrolase; EC 3.2.1.37), and Xyl II and III are novel xylanases (endo-1,4-fl-D-xylan xylanohydrolase; EC 3.2.1.8) which we believe have not hitherto been reported. In addition to the above substrates, they also catalyse the extensive hydrolysis of unsubstituted xylans, and may have considerable biotechnological potential. The hydrolysis product profiles and bond-cleavage frequencies with various substrates are presented.
enzyme, it has been established that conversion of PNP f-Dxyloside occurs, not by direct hydrolysis, but by a complex transfer reaction sequence [19] .
Talaromyces emersonii, a thermophilic fungus, produces a complete thermostable xylan-degrading enzyme system when grown on appropriate substrates ( [20] [21] [22] [23] and M. G. Tuohy, J. Puls and M. P. Coughlan, unpublished work). In this paper we report on the properties of three enzymes, Xyl I-III, from this system. Each of the three is active against aryl fi-D-xylosides and xylo-oligosaccharides. Xyl I appears to be a typical 8- [28] .
Electrophoresis and isoelectric focusing
Proteins in the extracts of solid-state cultures used for enzyme isolation were separated under denaturing conditions by SDS/ PAGE [29] . For electrophoresis under non-denaturing conditions the samples were not heated and SDS and 2-mercaptoethanol were excluded. Gels were stained for protein using Coomassie Brilliant Blue R250 and for glycoprotein using the periodic acid/Schiff reagent [30] . The Mr values of the purified enzymes were calculated by comparison of their mobilities with those of standard proteins (Mr range 14400-669000, as appropriate).
Replicate gels were stained for ,-xylosidase activity by incubating the developed gels with 2 mM methylumbelliferyl f8-D-xyloside (room temperature for 4 min) or 20 mM PNP 8-D-xyloside (50°C for 20 min), in 100 mM sodium acetate buffer, pH 5.0. In the latter case, reactions were stopped by the addition of 1 M Na2CO3. The pl values of the purified enzymes were determined by isoelectric focusing on LKB ampholine PAG plates covering the pH range from 3.5 to 9.5, using the ampholytes (pH range 3 to 10) supplied by Pharmacia and the procedures recommended in the Pharmacia information booklet 1804. Standard pH marker proteins (Pharmacia), covering the range 3.5-9.3, were run in conjunction with the unknowns. Gels were stained for protein and activity as above. High-performance anion-exchange chromatography The products of hydrolysis of xylans (10 mg/ml) and unlabelled xylo-oligosaccharides (2.5-5.0 mg/ml), after incubation at 50°C with shaking at 140 rev./min, with a sample of enzyme in 100 mM sodium acetate buffer, pH 5.0, were fractionated by high-performance anion-exchange chromatography using the Dionex system as described previously [31] .
T.I.c.
The frequencies of bond cleavage with 1-3H-labelled xylooligosaccharides as substrates were determined as described previously [32] . To Crude extract was concentrated 13-fold by hollow fibre (Amicon) filtration and freeze-dried. (It will be noted in Table 1 that ultrafiltration effected an increase in activity presumably by removal of low M, inhibitors, possibly phenolic substances released from the growth substrates.) This material could be stored indefinitely at 4°C without loss of activity. For routine purification procedures, one-fifth (about 1.62 g) of freeze-dried material was resuspended in 20 ml of 100 mM sodium acetate buffer, pH 5.0, and precipitated by the addition of 2 vol. of propan-2-ol pre-equilibrated at -70 'C. The precipitate was collected by centrifugation at 27500g (13000 rev./min) for 40min at 0°C. Residual propan-2-ol was removed under a stream of air, and the precipitate was resuspended in sufficient 100 mM sodium acetate buffer, pH 5.0, to give an overall protein concentration 60-fold greater than that of the crude extract. The resuspended material was fractionated by gel filtration on a column (2.6 cm x 80.5 cm) of Sephacryl S-300 superfine. Xyl I activity was co-eluted with a-arabinofuranosidase, agalactosidase I (two forms of this enzyme were detected, see below) and ,-glucosidase and overlapped with a peak containing ,J-galactosidase, fl-fucosidase and a-rhamnopyranosidase activities. Fractions 43-69 were pooled and concentrated approx. 6-fold by ultrafiltration using an Amicon with a PM-13 membrane and N2 at 48.3-89.7 kPa. The concentrated material was dialysed for 8-13 h against two changes of 25 mM Mops buffer, pH 7.0.
The concentrated material was then subjected to anionexchange chromatography on a column (1.9 cm x 6.0 cm) of DEAE-cellulose DE-52 pre-equilibrated with 25 mM Mops buffer, pH 7.0. Protein was eluted using a linear gradient (0-0.35 M) of NaCl in the above buffer. a-Rhamnopyranosidase was eluted first followed by overlapping peaks of Xyl r, ,-galactosidase, /?-fucosidase and ,-glucosidase, with a-galactosidase I and aarabinofuranosidase in later fractions. Fractions 69-79, containing Xyl I of highest specific activity, were pooled and concentrated as before and dialysed against two changes of 50 mM ammonium acetate, pH 4.5.
The above material was fractionated by anion-exchange chromatography on a column (1.6 cm x 12.0 cm) of DE-52 preequilibrated with 50 mM ammonium acetate, pH 4.5. In this step, the Xyl I, ,-galactosidase, ,-fucosidase and 8-glucosidase activities did not bind and were readily separated from residual ac-galactosidase I and a-arabinofuranosidase activities as well as from unidentified protein. The fractions (5-15) containing Xyl I activity were pooled and brought to 25 % (w/v) saturation with (NH4)2SO4 and fractionated on a column (0.8 cm x 9:7 cm) of phenyl-Sepharose pre-equilibrated with 50 mM ammonium acetate, pH 4.5, containing 25% (w/v) (NH4)2SO4. Protein was eluted using, simultaneously, a decreasing gradient (25-0%, w/v) of (NH4)2SO4 and an increasing gradient (0-40 %, v/v) of ethylene glycol. Under these conditions, Xyl I was separated cleanly from contaminating activities. Fractions 35-45, which contained Xyl I in an apparently homogeneous form (see below), were pooled.
,-Xylosidase/xylanase 11 (Xyl 11) Samples of resuspended propan-2-ol precipitates of concentrated crude extracts, prepared as described above, were subjected to gel filtration on a column (2.6 cm x 100.7 cm) of Sephacryl S-200. Fractions 91-109, which exhibited Xyl II activity in addition to a-galactosidase II, f8-glucanase and xylanase activities, were pooled and concentrated using an Amicon with a PM-10 mem-brane and dialysed against 50 mM ammonium acetate buffer, pH 5.0.
The enzyme preparation was then fractionated by anionexchange chromatography on a column (1.6 cm x 20.0 cm) of DE-52 pre-equilibrated with 50 mM ammonium acetate buffer, pH 5.0. Fractions 33-43, which contained ,-xylosidase, a-galactosidase II, traces of xylanase but no /-glucanase, were pooled and concentrated as before. The concentrated material was dialysed against 50 mM Mops buffer, pH 7.0.
The resulting preparation was again subjected to anionexchange chromatography on a column (1.9 cm x 7.0 cm) of DE-52 pre-equilibrated with 50 mM Mops buffer, pH 7.0. In this step xylanase and other (unidentified) proteins were removed but ,8-xylosidase and a-galactosidase activities still overlapped to some extent. Fractions 36-42 were pooled, concentrated as before and dialysed against 1 mM sodium phosphate buffer, pH 7.2. The preparation from above was then fractionated by adsorption chromatography on a column (1.3 cm x 13.0 cm) of hydroxyapatite. Protein was eluted by successive linear gradients: (a) 1-5 mM MgCl2 (total volume 30 ml); (b) 1-13 mM sodium phosphate buffer, pH 1.2 (total volume 40 ml); (c) 13-300 mM of the same buffer (total volume 100 ml). Residual activity against arabinoxylan was eluted at fractions 10-16 in the first wash, while in the second, a-galactosidase II (fractions 73-78) separated cleanly from Xyl II (fractions 80-85). The latter were pooled and found to be apparently homogeneous (see below). RESULTS AND DISCUSSION Enzyme production and purification Extracts of various solid-state cultures of T. emersonii, strain CBS814.70, exhibited /3-xylosidase activity [20] [21] [22] . Because of the method of preparation used, such extracts could include cellbound as well as extracellular enzymes. However, since filtrates of liquid cultures also contain high yields of xylanase and ,-xylosidase activities [20] [21] [22] , we conclude that most of the activity obseived in solid-state extracts is ofextracellular origin. Although wheat bran is routinely the best inducing substrate for ,3-xylosidase production, an equal mixture of wheat bran and beet pulp is the best medium for production (by T. emersonii) of carbohydrases generally [20] [21] [22] . Thus extracts from such cultures harvested after 11 days of cultivation were used for the isolation of the enzymes exhibiting aryl /-D-xylosidase activity as detailed in the Materials and methods section. The yields and fold purification of each enzyme given in Table 1 reflect the fact that the bulk of the activity in crude extracts is due to the action of Xyl I.
Enzyme homogeneity, Mr and pi values Xyl I, II and III each yielded single bands when stained for protein and activity after SDS/PAGE or isoelectric focusing (not shown). The relevant bands staining for protein were coincident with those staining for activity. Thus, by these criteria, each enzyme preparation would appear to be homogeneous. Staining for carbohydrate and tight binding to concanavalin A-Sepharose also indicated each enzyme to be a glycoprotein. The calculated Mr and pl values ofeach enzyme are listed in Table 2 . Comparison of the Mr values obtained by gel filtration on Sephacryl S-300 with those obtained using SDS/PAGE suggested that Xyl I and II are dimeric proteins whereas Xyl III is a single-subunit enzyme.
The reported Mr values of ,-xylosidases from bacterial and fungal sources cover quite a wide range. Examples include singlesubunit proteins from Aspergillus niger (78 000) [34] , Bacillus pumilus (62600) [35] , Butyrivibriofibrisolvens (60000) [36] , Chaetomium trilaterale (118000) [37] , Emericella nidulans (116000) [38] and Paecilomyces varioti (67000) [39] . By contrast, the xylosidases from Bacillus coagulans (190000 by S-200; 212000 by ultracentrifugation; 26000 by SDS/PAGE) [40] , Clostridium acetobutylicum (two subunits of 63000 and 85000, respectively) [41] , Neocallimastixfrontalis (180000 by gel filtration; 90000 by SDS/PAGE) [7] and Trichoderma reesei (100000) [42] are dimers or higher aggregates. Moreover, active dimeric forms of the xylosidases of B. pumilus (130000) [35] and C. acetobutylicum (240000) [41] have been reported. Endoxylanases, on the other hand, are generally found to be single-subunit proteins with Mr values ranging from 16000 to about 60000 and pl values ranging from 3.6 to 10.0 [3, 5, 43] .
pH and temperature optima
The pH and temperature optima under assay conditions and thermal stabilities of Xyl I-III are listed in Table 2 . As expected from earlier studies on the xylan-degrading enzyme system of T. emersonii [22] , the three enzymes under discussion have acidic pH optima and have much higher temperature optima and greater thermal stabilities than the majority of xylan-degrading enzymes (especially those from fungal sources) reported in the literature [3, 5, 43] . However, thermostable xylanases and/or xylosidases from Bacillus sp. 11-IS [44] , Caldocellum saccharolyticum [45] , Ceratocystis paradoxa [46, 47] and Talaromyces byssochlamydoides [48] have been characterized. Like these enzymes, the thermostabilities of those reported here may be advantageous in biotechnological applications. The kinetic parameters listed in Table 3 Table 4 Products accumulating during reaction of Xyl 1, 11 and Ill with xylooligosaccharides (DP 2-7)
Reaction mixtures, incubated at 50°C with shaking at 140 rev./min, contained a portion of enzyme plus 5.0 mg of substrate (except in the case of xyloheptaose which was 2.5 mg) in 100 mM sodium acetate buffer, pH 5.0 (final volume 1.0 ml). Reactions were stopped after 3 h by boiling and the products were separated by high-performance anion-exchange chromatography using the Dionex system as described in the text. The concentrations of the individual products formed in each incubation are given as the molar percentage of the total xylooligosaccharides (DP 2-7) present in reaction mixtures at 3 h.
[Product] (molar % of total xylo-oligosaccharides DP parameters listed in Table 3 show it to be the best of the aryl substrates tested with this enzyme. It was not possible to determine Km and Vmax values for Xyl I and III with PNPX2 as substrate because plots of velocity versus substrate concentration were not linear. This non-linearity may, as has been suggested before for other enzymes [24] , be due to the fact that the PNP is not liberated directly from PNPX2 by Xyl I or III but from the intermediately formed PNPX, as depicted in eqns. (1) and (2). Alternatively, PNP may be liberated via a transferase reaction (see later) followed by hydrolysis, as shown in eqns. (3) and (4). It has been established that the xylanase from C. albidus effects conversion of aryl ,-xylosides in such a manner [19] . 
Hydrolysis of xylo-oligosaccharldes
The products accumulating in reaction mixtures during reaction of Xyl I, II and III with xylo-oligosaccharides (DP 2-7) were fractionated and quantified by high-performance anion-exchange chromatography using the Dionex system (Table 4 ). The experimental conditions used were chosen so as to minimize the extent of hydrolysis and so allow the identification of intermediates, if any. It is clear that with any one substrate the product profiles of each enzyme differ. Moreover, while Xyl I effected hydrolysis of xylobiose, Xyl III did not do so or did so much less efficiently, whereas no hydrolysis of xylobiose by Xyl II was observed. The appearance of products with lower and higher DP than the starting substrate, when acting on substrates up to xylohexaose, is a marked feature of the reactions catalysed by Xyl I and III. This indicates the occurrence, under the experimental conditions used, of both transfer and hydrolytic reactions. By contrast, transfer products were much less evident in the Xyl II reaction mixtures. One might also conclude from the results in Table 4 that both Xyl I and III are more exo-acting (less endo-acting) than is Xyl II and that the affinity for substrate (as judged by the extent of hydrolysis), especially in the case of Xyl II, increased with increasing DP. This is a feature that distinguishes xylanases from xylosidases. As examples of the time course of substrate conversion, the action of Xyl I on xylotetraose and of Xyl II on xylohexaose are shown in Figure l 
Hydrolysis of xylans
The ability of each enzyme to hydrolyse Lenzing xylan (a xylan with DP about 30 and low degree of substitution [50] ) and wheat straw arabinoxylan was also investigated by measurement of the reducing sugars released and by fractionation of such products 'using high-performance anion-exchange chromatography. Xyl I effected little hydrolysis of either substrate and the only product observed after long-term incubation was xylose (Table 5) . Moreover, pretreatment of arabinoxylan with arabinofuranosidase (from T. emersonii) did not effect an increase in the extent of hydrolysis of this substrate by Xyl I. This paucity of action against polymeric xylans is typical of/-xylosidase action, affinity for substrate decreasing with increasing DP of the substrate [8] .
Xyl II and III each hydrolysed Lenzing xylan extensively and, to judge by the range of oligosaccharides produced, did so in endo-acting fashion (Table 5) . By contrast, Xyl II had absolutely no action against arabinoxylan from wheat straw, whereas Xyl III had but little effect, releasing only small amounts of xylose and xylobiose. However, each enzyme did catalyse extensive degradation of arabinoxylan that had been pretreated with arabinofuranosidase (Table 5) . Comparison of the expected (i.e. the arithmetic sum of the reducing sugars released by the individual enzymes) and observed (i.e. actual amounts ofreducing sugars released by their combined action) extents of hydrolysis showed a very marked degree of synergy between the arabinosidase and Xyl II or III. In the case of arabinosidase plus Xyl II, the arithmetically expected extent of hydrolysis (on the basis of reducing sugars produced) was 1.3 % but the observed value was 41.2 %. Moreover, Xyl II fragmented the pretreated straw xylan in a typical endo-wise fashion, releasing xylose, xylobiose and xylotriose, as major degradation products, in addition to arabinosylxylobiose as the main substituted xylan fragment (Table 5 ). In the case of arabinosidase plus Xyl III, the expected and observed extents of hydrolysis of arabinoxylan were 1.4 % and 27.2 % respectively.
Although endoxylanases may be classified in a number of ways, in one respect they fall into two classes depending on whether cleavage of the xylan backbone is (a) hindered by side chain substituents or (b) occurs only in the vicinity of such substituents [8] . Clearly, the arabinose substituents, which on average occur approximately every 12 xylose residues in the arabinoxylan used, completely prevented the action of Xyl II or III. Since arabinosidase pretreatment greatly enhanced hydrolysis of the xylan backbone, one may conclude that both Xyl II and III require arabinose-free stretches of at least 24 xylose residues for action. We are not aware of any endoxylanase in which catalysis is so completely dependent on the absence of substitution.
Bond-cleavage frequencies with [1-3H] 
Conclusion
From the properties of Xyl I reported here, one may conclude that it is typical of those fl-xylosidases (EC 3.2.1.37) that cleave aryl substrates and xylobiose and remove xylose units preferentially from xylo-oligosaccharides, with activity against the latter decreasing with increasing DP [3, 8] . By contrast, Xyl II and Xyl III may be classified as endo-,f-1,4-xylanases (EC 3.2.1.8) in that they catalyse the endo-wise cleavage of xylans and xylo-oligosaccharides, affinity for the latter substrates increasing with increasing DP. However, they are novel in that they also catalyse the hydrolysis of aryl substrates and in that they require such long stretches of unsubstituted xylan backbone for activity. Moreover, Xyl II is unusual in being a dimer, whereas endoxylanases are generally single-subunit proteins. Several other xylanases isolated from T. emersonii do not cleave aryl substrates but do effect considerable hydrolysis of arabinoxylan without the assistance of arabinofuranosidase (M. G. Tuohy, J. Puls and M. P. Coughlan, unpublished work). The synergistic interaction between Xyl II (or Xyl III) and arabinofuranosidase from T. emersonii (Table 5 ) underscores the complexity ofthese substrates and the fact that co-operation between different enzyme components is needed for their conversion.
From the viewpoint of its existence in vivo, one may conclude that possession of Xyl II and III and arabinofuranosidases would allow T. emersonii to compete effectively with other organisms. Thus selective removal of arabinose substituents from the xylans of monocotyledonous plants would yield a carbon source that had become less soluble in water and so less accessible to other xylanases but which would readily be cleaved by Xyl II and III. For the same reasons, Xyl II and III should be promising biocatalysts in the enzymic bleaching of pulps. For this purpose, xylanases with high affinity for, and high activity against, less soluble and non-substituted xylans are in great demand [52] .
